Introduction
Oxygen levels are a metabolic regulator in the balance between oxidative phosphorylation and glycolysis. In the presence of oxygen, normal cells rely on oxidative phosphorylation for ATP generation however, when exposed to low levels of oxygen they shift to glycolysis [1, 2] . Increased glycolytic metabolism generates intracellular acids, leading to a decrease in intracellular pH (pHi). These acids have an important role in cell metabolism and their rapid transport across the plasma membrane is crucial for pHi homeostasis. This transport could be carried out by a family of transporters, designated as monocarboxylate transporters (MCTs) [3] .
MCTs are encoded by the family of genes SLC16A, and based on sequence homologies, 14 members of MCT family were identified [4] , although only MCT1-4 are able to perform proton-linked monocarboxylate transport [4] [5] [6] . MCT1 and MCT4 are proton symporters, which have lactate as common substrate and each isoform exhibits different biochemical properties, such as substrate specificity and inhibitor sensitivity [4] . MCT1 is the most well-studied and functionally characterized member of the MCT family and has the widest tissue distribution [4 ,6] while MCT4 is a transporter of low affinity mostly associated with the export of lactate from cells with high glycolytic rates [7] [8] [9] . There are a variety of MCT inhibitors described in the literature, such as α-cyano-4-hydroxycinnamate (CHC), which has been widely shown to inhibit MCTs, exhibiting different affinities for each isoform [4, 10] . Substrate affinity has been associated with the specific distribution of each transporter in the tissues, depending on their metabolic activity. Ancillary proteins are required to maintain the catalytic activity of MCTs, as well as for their translocation to the plasma membrane. MCT1 and MCT4 require a protein named CD147 [11] [12] [13] .
Localized hypoxia is a normal feature of embryo development [14] , and this low fetal oxygen environment is one of the most important extracellular factors for lung morphogenesis [15, 16] , which is a complex process [17, 18] . Studies have shown that embryonic and fetal development are influenced by oxygen availability [19] and may, at some stage, rely primarily on glycolytic metabolism for energy production [20, 21] . Some studies have already demonstrated the expression of MCTs in pre-implantation of the embryo [22] [23] [24] , during early embryonic development of human and mouse [7] , in the developing heart of chick embryos [21] and in the forebrain of rat embryos [25] . However, the role of hypoxia during embryo/fetal development is not clearly understood. Some studies show that HIF-1 plays a major role in mediating pulmonary vascular remodelling in response to hypoxia [26, 27] while others suggest that severe hypoxia in later gestation can cause damage [17, 28] . Troug et al. [17] observed that chronic hypoxia at the end of gestation interrupted lung development and they detected upregulation of MCT4 in these tissues. However, there are no studies demonstrating the expression of MCTs during the process of embryogenesis and specifically lung morphogenesis. In this work, we evaluate for the first time the expression of MCT1/4, CD147, the glucose transporter 1 (GLUT1) and the biomarker of hypoxia carbonic anhydrase 9 (CAIX) in a human fetal lung series and evaluate the effect of MCT inhibition on viability and branching morphogenesis of rat fetal lungs.
Materials and Methods

Human tissue specimens
All the cases were retrieved from the laboratory of pathology from CGC genetics in Porto. Fetal human tissues were selected from late spontaneous abortions between 12 th and 37 th weeks of gestational age. Spontaneous abortion occurred in all cases, including one case of fetal focal defects of the distal extremities in a context of amniotic bands, and other case with clinical features suggestive of chromosomal anomalies confirmed by cytogenetic studies (trisomy 21), which had a cardiac ventricular septal defect. None of the other fetus had developmental abnormalities. All cases had permission for autopsy and were donated for 
Animal model
Animal experiments were performed according to the Portuguese law for animal welfare. Animals were housed in an accredited rat house and treated as specified in the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (National Institutes of Health Publication No.85-23, revised 1996). Sprague-Dawley female rats (Charles-River, Barcelona, Spain) were maintained in appropriate cages under controlled conditions, fed with commercial solid food. After mating, they were checked for intracoital plugging and all pregnant rats were sacrificed by decapitation. Fetal rat lung tissues were obtained from fetuses harvested by caesarean section at 15.5 (pseudoglandular phase), 17.5 (canalicular phase), 19.5 and 21.5 (saccular phase) day post-conception (dpc). Samples were fixed in formalin, embedded in paraffin and 4μm sections were used for immunohistochemistry (IHC).
Immunohistochemistry IHC for MCT1 (1:200 dilution; AB3538P; Chemicon International) was performed according to the avidin-biotin-peroxidase principle (R.T.U. Vectastin Elite ABC kit; Vector Laboratories), as previously described by our group [29] . MCT4 (1:500 dilution, H-90; sc-50329; Santa Cruz Biotechnology), GLUT1 (1:500 dilution; ab15309; Abcam) and CAIX (1:1000 dilution; ab15086; Abcam) IHC was performed with the Ultravision Detection System Anti-polyvalent, HRP (Lab Vision Corporation), as previously described [29, 30] . CD147 (1:300 dilution; sc-71038; Santa Cruz Biotechnology diluted) IHC was performed using the UltraVision ONE Detection System: HRP Polymer (Lab Vision Corporation). In brief, paraffin embedded sections were deparaffinized in xylene and hydrated in a graded series of ethanol solutions. For antigen retrieval, slides were incubated with 1mM EDTA buffered solution (pH 8.0) for 20 min in water bath at 98°C. Slides were incubated overnight at room temperature with the primary antibody CD147. Tissues were stained with 3,3'-diamino-benzidine (DAB + Substrate System, DakoCytomation) for 10 min and counterstained with haematoxylin. Colon carcinoma tissue was used as positive control for MCT1, MCT4, CD147 and GLUT1 and normal stomach tissue for CAIX. Stained slides were evaluated and then photographed under a bright field microscope Olympus BX61. 
Immunofluorescence (IF)
Double
Rat fetal lung explant cultures
Fetuses were removed by caesarean section at 13.5 dpc. Harvesting and dissection of the lungs was made in Dulbecco's Phosphate Buffered Saline (DPBS -Lonza) under a dissection microscope (Leica MZFLIII, Wetzlar, Germany). Lungs were transferred to Nucleopore membranes with 8 µm pore size (Whatman, Clifton, NJ, USA) and incubated in a 24-well culture plates from Costar (Corning, NY, USA). Membranes were pre-soaked in DMEM (Lonza) for 1 hour before the explants were placed on them. Floating cultures of the explants were incubated in 200 µl of 50% Dulbecco's modified eagle medium (DMEM), 50% nutrient mixture F-12 (Invitrogen, Carlsbad, CA, USA) supplemented with 100 mg/ ml streptomycin, 100 units/ mL penicillin (Invitrogen), 0.25 mg/mL ascorbic acid (Sigma-Aldrich, St Louis, MO, USA) and 10% fetal calf serum (Invitrogen). After 1 hour incubation, 200 μl of medium with the inhibitor (CHC) at pH 7.4 was . The medium with inhibitor was replaced every 24 h for 4 days. Fetal lungs were photographed daily and D0 was considered the first day and D4 the last. At the end of the incubation time, explants were washed in PBS and stored at -80°C until use.
Morphometric analysis of lung explants
Branching morphogenesis was monitored daily by photographing the explants. At day 0 (D0: 0 h) and 4 (D4: 96h) of culture, the total number of peripheral airway buds (branching), the epithelial perimeter and total explant area in all lung explants were measured using a specific software developed by the laboratory (unpublished data). For all experimental conditions, results of branching and epithelial perimeter were expressed as D4/D0 ratio.
Western blot
Expression of MCT1 and MCT4 was also evaluated by Western blotting in rat embryo samples. Total protein was extracted from the lung explants at stages 16, 18, 20 and 22. After maceration of the lungs with lysis buffer, the homogenate was centrifuged at 13000 rpm for 15 min at 4°C. The supernatants were collected and protein concentrations were determined by the DC Protein Assay Kit (500-0113, BioRad). 40 μg of protein of each sample were separated on 10% (w/v) polyacrylamide gels and transferred onto nitrocellulose membranes (Amersham Biosciences). After that, membranes were blocked with 0.1% Tween, 1% BSA in TBS for 1h and then incubated overnight at 4°C with the primary polyclonal antibodies for MCT1 (1:200 dilution; AB3538P; Chemicon International) and MCT4 (1:1000 dilution, H-90; sc-50329; Santa Cruz Biotechnology). After washing with TBS-0.1%Tween, membranes were incubated with an anti-rabbit secondary antibody coupled to horseradish peroxidase (SantaCruz Biotechnology, 1:5000 in TBS-0.1% Tween, 1% BSA). At the end, bound antibodies were visualized by chemiluminescence (Supersignal West Femto kit; Pierce). For loading control, blots were probed with β-tubulin monoclonal antibody (1:200000 dilution, Abcam, UK).
Results
Expression of MCTs along human lung embryo development
We evaluated the expression of MCT1, MCT4, CD147, CAIX and GLUT1 in human fetal lung samples (Fig. 1) . Lung tissue samples were collected and divided into 4 groups, according to the lung development phases: pseudoglandular (11-17 weeks of gestation; n=7); canalicular (18-25 weeks; n= 8); saccular (24-36 weeks; n= 5) and alveolar (37-40 weeks; n=3).
All proteins were expressed in the pseudoglandular phase of human lung gestation. MCT1 immunoreactivity was primarily detected in mesenchymal cells and in primitive epithelial alveolar cells (Fig. 1A) . From 15 weeks of gestation, staining decreased in mesenchymal cells and started to appear also in the bronchial epithelium. In contrast, MCT4 and GLUT1 proteins were consistently early detected in bronchial and primitive alveolar epithelial cells and absent in mesenchymal cells. CD147 expression was only observed from week 16 in mesenchymal cells, primitive epithelial alveolar cells and on the bronchial epithelial cells, however staining was weak. At 17 weeks of gestation, CD147 was strongly detected in the basal region of the primitive epithelial alveolar cells and also on bronchial epithelium and mesenchymal cells. CAIX expression was restricted to the bronchial epithelial cells along this phase.
During the canalicular phase, MCT1 expression continues to decrease in mesenchymal cells and to become more intense in the apical region of bronchial epithelium cells and in the basal region of alveolar cells. MCT4 and GLUT1 have similar expression patterns, maintaining the expression in the bronchial epithelial cells from 18 to 25 weeks of gestation and becoming absent in alveolar cells from week 19. MCT4 was focally detected in the glands of the bronchial epithelium. CD147 and CAIX expression varies during this phase. First, CD147 is only detected in the epithelium of the principal bronchus while CAIX is absent.
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From week 22, CD147 is expressed in mesenchymal cells, and both CD147 and CAIX are present in epithelial alveolar and bronchial cells. In saccular/alveolar phase, MCT1 expression decreased in the bronchial epithelium and is detected in pneumocytes type 2. MCT4 expression remained similar to canalicular phase while GLUT1 is absent. CD147 immunoreactivity is detected predominantly in the bronchi epithelium, being weak or even absent in the alveolar epithelium. CAIX expression is detected in both alveolar and bronchial epithelium.
By IF staining, we confirmed the cell co-localization of the proteins described above, with cell specific markers, vimentin for mesenchymal cells and E-cadherin for epithelial cells. As observed in Figure 1B , MCT1 and CD147 co-localized with vimentin; while the other proteins co-localized only with E-cadherin at the pseudoglandular stage (Fig. 1BI ). In the canalicular (Fig. 1BII) and saccular (Fig. 1BIII) stage, all proteins were mainly localized in the epithelial cells.
CD147, CAIX and MCT1 were also detected in the mesothelium. CAIX is mainly expressed in vessels during all stages of gestation.
Expression of MCTs in fetal rat lung tissues
Firstly we confirmed the expression of MCTs in rat fetal lung tissues. Thus, we performed IHC on samples corresponding to pseudoglandular (15.5 dpc), canalicular (17,5 
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry dpc), saccular (19.5 dpc) and alveolar phase (21.5 dpc). By analysis of Fig. 2A , it is possible to see that both isoforms are expressed in fetal lung throughout all studied gestational ages. MCT1 and MCT4 are predominantly expressed in the plasma membrane of bronchiolar and alveolar epithelial cells from all studied gestational stages, while immunoreaction in mesenchymal cells is observed for MCT1 at 17.5 dpc and 19.5dpc and for MCT4 at 15.5, 17.5 and 19.5 dpc. Western blot analysis for MCT1 and MCT4 reveals bands around 50 kDa and 43 KDa, respectively, consistent with the molecular weight described for these proteins (Fig.  2B) . Thus, we confirm that both MCT1 and MCT4 are expressed throughout all gestational stages in rat fetal lung.
Effect of MCT inhibition on rat lung morphogenesis
We aimed to understand the contribution of MCTs to lung morphogenesis. For that we cultured rat fetal lung explants and MCT activity was inhibited with CHC, a classical MCT inhibitor.
For this study, 30 lung explants were cultured with two doses of CHC (0.5 mM and 1mM). Representative pictures of fetal lung explants are illustrated in figure 3A . Comparing   Fig. 3 . A -Branching morphogenesis in rat lung explants treated with CHC (0.5mM and 1mM). The first line represents lung explants at D0, the second line represent lung explants treated with different doses of CHC at D4. (n=12 per condition) ; BMorphometric analysis; i/ii: epithelial external and internal perimeter; iii: total number of peripheral airway buds; iv/v epithelial area. Numeric results are expressed as D4/D0 ratio. p<0.05; * vs control (DMSO).
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry fetal lung explants treated with CHC at D4 with control (DMSO) it appears that CHC has an inhibitory effect in both doses studied (Fig. 3B) . Morphometric analyses show that 1mM CHC has a significant inhibitory effect on branching morphogenesis (Fig. 3Biii) (p<0.05) .
There was a decrease of the epithelial perimeter (Fig.3Bi /ii) and area ( Fig.3Biv/v ) of lung explants, in a dose dependent way, being significant for 1mM CHC (p<0.05).
Discussion
Hypoxia is a normal component of embryo development [31] , and it seems to be one of the most important extracellular factors for lung morphogenesis [17, 18] which is a complex process [18] . In most mammalian systems, the cellular responses to oxygen alterations are mediated through the hypoxia-inducible factor (HIF) family of transcriptional regulators [32, 33] . HIF complex is a heterodimer composed of one of three α-subunits (HIF-1α, HIF-2α, or HIF-3α) and a β-subunit (ARNT; also known as aryl hydrocarbon receptor nuclear translocator). In fetal lung, HIF mRNA and protein levels are quite high [26, 32, 34] , being the HIF-1α protein localized predominantly in the branching epithelium [34] . These authors showed that induction of HIF-1 protein in fetal lung buds was sufficient to induce lung development even under non-hypoxic conditions, whereas its depletion, using antisense oligonucleotides, reduced lung branching morphogenesis and vascularization [35] . The enhancement of lung epithelial branching morphogenesis by low oxygen has also been reported by Gebb and Jones [36] .
Hypoxic environment favours anaerobic glycolysis. This metabolic phenotype is characterized by the switch of cell metabolism from oxidative phosphorylation to glycolysis, being pyruvate metabolized to lactate [37] which is then exported by MCTs to avoid a decrease in pHi.
Although the contribution of MCTs to the glycolytic and acidic phenotype of tumours is well studied [6] , their contribution to the embryo development is still not clear. Several studies have already suggested that embryos, as proliferating cells, express a metabolic phenotype similar to cancer cells [37] . We showed that lung cells develop in an intermittent hypoxia environment by the expression of the hypoxia marker CAIX. These results are in agreement with previous studies that report expression of HIF during lung development [32, 34] .
In order to adapt to intermittent hypoxia, cells need to create conditions to support embryogenesis, increasing the expression of genes related to the metabolic phenotype such as GLUT1 and MCT1/4 and CD147. It has also been described that HIF-1α up-regulates both GLUT1 and MCT4 [38] . Thus, with this study we show for the first time the expression pattern of MCT1/4 and their chaperone CD147 during human lung embryo development. We demonstrate that in normal fetal lung, MCT1/4 isoforms are expressed throughout the lung development phases suggesting that these molecules are important for lung morphogenesis. MCT1 was seen in the pseudoglandular phase in all cellular types, becoming absent in mesenchymal cells along gestation, being detected only in alveolar epithelium cells in later gestation, while MCT4 was predominantly found to be expressed throughout the various phases in bronchial epithelium. These results suggest that MCT1 might have a role in alveolar epithelium and MCT4 is more important in bronchial epithelium. CD147 expression was similar to both MCT isoforms, however from week 18 to week 22 it is not detected by immunohistochemistry in alveolar epithelium where MCT1 is present. This finding was unexpected since it has been described that MCT1/4 require this chaperone to be trafficked to the plasma membrane and perform their activity [11, 12] , which may suggest the existence of another chaperone. We also analysed the expression of GLUT1, a glucose transporter widely distributed in fetal tissues that has been shown to be overexpress in tissues with high glycolytic rates, as well as CAIX. GLUT1 expression was similar to MCT4 through gestation but absent in the last phase of lung development (saccular/alveolar), while CAIX Our results show that the glycolytic metabolic phenotype is more pronounced in the early phases by the expression of glucose transporter (GLUT1) and lactate exporters (MCT1/4). This phenotype continues to be detected in the bronchial epithelium during the canalicular phase. However, in the late stage of gestation this phenotype is attenuated. Besides the expression of the hypoxia marker CAIX in most of the cells, expression of MCT4 is restricted to bronchial epithelium and GLUT1 is absent. At this level, lung tissue is close to complete maturation and the rates of proliferation decrease. The expression of CAIX at this time was not expected. Liao et al showed that CAIX was highly expressed during the second trimester of gestation but decreased after week 30 [39] . Several studies have already demonstrated the expression of MCTs during embryo development specifically during pre-implantation development of the human and mouse [7, 23, 24] . Some studies showed that since the development of the zygote until the stage of 2 cells, there is an absolute requirement for pyruvate [40] and lactate to support the development of the embryo in stages of 4 and 8 cells [23, 41] . However, from stage 8 it has been observed that glucose consumption increases, being the main carbon and energy source to the embryo [42] . The importance of MCTs has been already described in other organs during rat embryo development [21, 25, 43] . Han et al. [21] detected MCT4 and the chaperone CD147 by immunohistochemistry during early cardiomyocyte differentiation and another study describes the immunoexpression of MCT1 and MCT2 in various cell populations of the rat forebrain, from the late embryonic period to the early post-natal period [25] .
In order to understand the influence of MCT inhibition in lung morphogenesis, studies using fetal lung explant models cultured under CHC exposure were performed. First, in rat tissues we confirmed the expression of both MCT1 and MCT4 during rat lung development. We showed that MCT1 and MCT4 were expressed in primitive epithelial cells as early as the pseudoglandular stage and were also both detected in the bronchial and alveolar epithelium cells in the remaining phases. The immunohistochemical results were corroborated by Western blot. For in vitro studies, two different doses of CHC, MCT inhibitor, were added to lung explants and it was observed that lung branching was inhibited with increasing concentrations of CHC. Morphometric analysis was performed to determine the number of peripheral airway buds, epithelial perimeter and total area. We observed a significant effect for 1mM CHC in the number of peripheral airway buds. Although CHC is considered as a classical inhibitor of MCT activity, it is also described to inhibit the mitochondrial pyruvate transporter [44, 45] . This was described by Halestrap and co workers in 1974 [45] , however in this study they use isolated mitochondria. On one hand, there are no studies reporting the entry of CHC into cells and, on the other hand, there is evidence showing that CHC acts only outside the cell [45] [46] [47] [48] . Thus, we believe that effect of CHC in our model is mediated by inhibition of MCT activity at the plasma membrane. However, further experiments should be performed to clarify the true contribution of MCT inhibition in lung branching. Experiments with the specific inhibitor of MCT1/2 from AstraZeneca [49] or even RNA interference approaches could be used.
Although the role of MCTs in lung morphogenesis is still far from being well understood, with this study we showed that CHC disrupts lung branching, suggesting the dependence of these transporters for lung development. Embryonic developmental is strongly influenced by oxygen availability in the environment [20] however, the explants cultures were performed in normoxia conditions, what could not reflect the physiologic conditions in vivo. From our results, we hypothesize that lung embryonic cells are able to survive in hypoxia environments adopting a metabolic phenotype to supply energy and that MCTs/hypoxia may have different and specific functions in epithelial differentiation and vascular morphogenesis. Nevertheless, further studies are needed to better characterize this metabolic phenotype during lung differentiation.
